We report the control of vertical magnetization shift (VMS) and exchange bias through spin-orbit torque (SOT) in Pt/Co/Ir25Mn75/Co heterostructure device. The exchange bias accompanying with a large relative VMS of about 30 % is observed after applying a single pulse 40 mA in perpendicular field of 2 kOe. Furthermore, the field-free SOT-induced variations of VMS and exchange bias is also observed, which would be related to the effective built-in out-of-plane field due to unequal upward and downward interfacial spin populations. The SOT-induced switched fraction of out-of-plane interfacial spins shows a linear dependence on relative VMS, indicating the number of uncompensated pinned spins are proportional to the switched interfacial spins. Our finding offers a comprehensive understanding for electrically manipulating interfacial spins of AFM materials.
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field axis due to the interface exchange coupling between ferromagnetic (FM) and antiferromagnetic (AFM) materials. [1] [2] [3] [4] [5] [6] [7] [8] This phenomenon has been widely studied because of the technological application in spintronic devices and magnetic recording. 7 Furthermore, a vertical shift of the FM magnetization is also observed in FM/AFM system, which is claimed to be due to a number of frozen uncompensated or canting AFM spins at the FM/AFM interface. [9] [10] [11] [12] [13] [14] Usually, the vertical magnetization shift (VMS) in conventional FM/AFM system is quite small and cannot be easily detected by isothermal magnetization measurements, and most exchange bias models ignore the possibility of VMS. [15] [16] [17] On the other hand, except for generating EB, AFM materials themselves have recently attracted tremendous attentions due to their abundant properties for future spintronics applications: robustness against external field, no stray fields, and ultrafast spin dynamics. 18, 19 Remarkably, the discovery of electrical switching of an antiferromagnet by spin-orbit torque (SOT) motivates considerable researches in AFM spintronics. [20] [21] [22] [23] [24] The magnetization switching caused by SOT commonly consists of a damping-like torque m × (σ × m) and a field-like torque m × σ, where m is the spin moment and σ is the spin polarization of spin current. 25, 26 Besides the spin Hall effect (SHE), the Rashba effect, arising from underlying crystal structure or interfaces inversion symmetry breaking, together with spin-orbit coupling also induces SOT switching. 25.26 To date, the manipulation of bulk properties of antiferromagnets has been realized by several different approaches, [18] [19] [20] [21] [22] [23] [24] the tunability of EB through SOT was recently reported by Lin et al. 27 and Liu et al. 28 Furthermore, 3 to explore the control of VMS via SOT will give a comprehensive understanding on electrically manipulating interfacial spins of AFM materials. To realize this aim, we design the device in heavy metal (HM)/FM/AFM/FM structure, where the bottom and top FM layers are perpendicular magnetic anisotropy (PMA) and in-plane anisotropy, respectively. 29 In this work, we report the tunability of VMS and EB by SOT in at positive (2200 Oe) and negative (-2200 Oe) field, respectively], which is much larger than that reported in conventional field-cooling AFM/FM system. [9] [10] [11] [12] As the positive and negative Ip have nearly the same effect on switching out-of-plane interfacial spins under Hz, 28 we measured the device using a single pulse 40 mA under Hz = -2 kOe [ Fig. 1(f) ], which exhibits a negative EB but the same VMS as that in Fig. 1(e). 6 As a comparison, the VMS is not observed in Ta(1)/Pt(3)/Co(1)/IrMn(4)/Ta (2) device ( Supplementary Fig. S2 ). It has been reported that the VMS observed in FM/AFM system is mainly due to a number of frozen uncompensated or canting AFM spins at the FM/AFM interface. [9] [10] [11] [12] [13] [14] For Ta(1)/Pt(3)/Co(1)/IrMn(4)/Ta(2) device, the interfacial exchange coupling takes place at Co(1)/IrMn (4), it is very difficult to froze uncompensated or cant AFM spins in one direction at room temperature. However, when covering a top Co layer (for 4 nm IrMn, the interlayer exchange coupling between two FM layers can be ignored. 37 ), the interfacial exchange couplings in Co(1)/IrMn(4) (out-of-plane) and in IrMn(4)/Co(5) (in-plane) modify the micromagnetic structure of IrMn. 38 interfacial spins from a metastable domain state to an equilibrium state. 28 With the decrease of Hz-eff, the frozen AFM spins (corresponding VMS) gradually reduces and the switched faction of interfacial spins gradually increases [ Fig. 2(c) ]. As Hz-eff disappears for equilibrium state, the out-of-plane interfacial spins couldn't be modified by SOT without external field. [32] [33] [34] [35] As a result, the VMS disappears and the switched faction of interfacial spins becomes constant, as shown in Figs. 2(a) and (b) .
Importantly, we in fact found an efficient way to initialize the interfacial spins via SOT at zero field. Moreover, we excluded the role of Joule heating in the observed EB and VMS ( Supplementary Figs. S3 and S4) , 39 and the spin current contribution is mainly from Pt ( Supplementary Fig. S5 ). Unlike the zero field case, the VMS always exists for all the Hz range [ Fig. 4(a) ]. In 
